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Epitaxial ZnO thin films doped with 7% Mn have been made by reactive rf magnetron sputtering
onto (112I 0) sapphire substrates at 400 °C. X-ray diffraction measurements reveal that the
Zn0.93Mn0.07O film has a~0001! wurtzite single-crystal structure with a rocking curve width of
0.98°. UV–VIS absorption spectra show a band gap of 3.25 eV for pure ZnO films and 3.31 eV for
the Zn0.93Mn0.07O film with states extending into the gap. The Auger electron spectroscopy shows
homogeneous distribution of Mn in the film. The magnetic properties of the Zn0.93Mn0.07O film have
been measured by a superconducting quantum interference device magnetometer at various
temperatures with fields up to 5 T. No ferromagnetic ordering has been observed at temperature at
5 K. Instead, paramagnetic characteristics with a Curie–Weiss behavior have been observed.
© 2003 American Institute of Physics.@DOI: 10.1063/1.1556125#av
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I. INTRODUCTION
Diluted magnetic semiconductors~DMS! obtained by
doping magnetic impurities into host semiconductors h
been of standing interest for the exploration
magnetoelectronics.1–6 Doping of Mn into II–VI semicon-
ductors such as~Zn–Mn!S, ~Zn–Mn!Se, and~Cd–Mn!Te,
has been extensively studied since two decades ago.1 While
the magnetic ordering temperatures of Mn-doped II–
semiconductors depend on the Mn concentration, their
ues are generally quite low~,30 K! and the ordering is often
spin glass. With these characteristics, Mn-doped II–VI se
conductors are undesirable for magnetoelectronics. In c
trast, Mn-doped III–V semiconductors, especially~Ga–
Mn!As, exhibit ferromagnetism with Curie temperature
high as 172 K.7–9
Recently, ZnO-based DMS have attracted much atten
due to the theoretical prediction of the possibility of ferr
magnetic ordering above room temperature inp-type Mn-
doped ZnO.10,11 A number of experimental studies have r
cently been reported using samples that have been mad
pulsed-laser deposition~PLD! and molecular-beam epitax
~MBE!.12–14 Fukumuraet al. observed only spin glass be
havior with significant antiferromagnetic interactions amo
the Mn ions in Zn0.64Mn0.36O.
12 In contrast, very recently
Jung et al. reported ferromagnetic ordering in Zn12xMnxO
(x50.1 and 0.3! thin films grown by laser molecular-beam
epitaxy with Curie temperatureTC of 30 K for x50.1 and 45
K for x50.3.14 To date, epitaxial Mn-doped ZnO thin film
have been made by either PLD and MBE. There appear
be disagreement among the reports concerning the mag
properties of Mn-doped ZnO films. In this work, we repo
the epitaxial growth of ZnO thin films doped with 7% Mn b
reactive rf magnetron sputtering. We have found only pa
magnetic characteristics without ferromagnetic ordering.
a!Electronic mail: xmcheng@pha.jhu.edu7870021-8979/2003/93(10)/7876/3/$20.00e
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II. EXPERIMENTS
We have fabricated epitaxial Mn-doped ZnO thin film
on (112I 0) sapphire substrates by reactive rf magnetron sp
tering. Sputtering targets were made by sintering prescri
amounts of ZnO~99.95%! and MnO~99.9%! powders. The
base pressure of the sputtering chamber was better than
31027 Torr. The Ar/O2 mixture gas with a ratio of 5:1 was
introduced into the chamber with the sputtering press
maintained at 6 mTorr. Both ZnO and Mn-doped ZnO th
films were deposited at a rf power of 100 W with the su
strate temperature maintained at 400 °C.
The composition of the Zn12xMnxO thin film was mea-
sured to bex'0.07 by energy-dispersive x-ray spectrosco
The crystal quality of the thin film was characterized
x-ray diffraction using theu/2u scan, rocking curve, and
pole-figure measurements on a four-circle x-ray diffrac
meter~Philips X’Pert-MRD! with Cu Ka (l51.5405 Å) ra-
diation. The UV–VIS absorption spectra were used to m
sure the energy band gap and the electronic states of the
ions. The magnetic properties of the Zn0.93Mn0.07O films,
3.333.3 mm2 in size and about 3500 Å in thickness, we
measured by a superconducting quantum interference de
magnetometer~Quantum Design, MPMS! at various tem-
peratures with fields up to 5 T.
III. RESULTS AND DISCUSSION
X-ray diffraction results of a 3500-Å-thick Mn-dope
ZnO film on a (112I 0) sapphire substrate are shown in Fig.
The u/2u scan@Fig. 1~a!# shows only the~0002! and ~0004!
peaks of the wurtzite structure of ZnO indicating that it is
c-axis oriented film. The rocking curve of the~0002! peak
@Fig. 1~b!# shows a full width at half maxima~FWHMs! of
0.98°. The epitaxial nature of the Mn-doped ZnO thin fil
has been revealed by the pole-figure scan@inset of Fig. 1~b!#,
where the (101I 2) spots observed at a tilt angle ofC
542.8° have the expected sixfold symmetry. These x-
diffraction results demonstrate that the~0001! Zn0.93Mn0.07O
film is epitaxial to the (112I 0) sapphire substrate. The Auge6 © 2003 American Institute of Physics
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thin film shows that Mn is uniformly distributed througho
the epitaxial thin film.
The epitaxial Zn0.93Mn0.07O film is transparent with a
slight brown color, whereas the epitaxial ZnO thin films a
transparent and colorless. The UV–VIS absorption spectr
ZnO and Zn0.93Mn0.07O thin films are shown in Fig. 2. The
ZnO thin film shows a sharp absorption edge at 3.25 eV@Fig.
2~b!#. In contrast, the absorption edge of the Zn0.93Mn0.07O
thin film is blueshifted to 3.31 eV and the absorption edge
less sharp due to Mn states extending into the band gap@Fig.
2~a!#. The blueshifted absorption edge and the developm
of states within the gap are clear indications that the Mn i
have entered into the ZnO lattice. These characteristics h
also been observed in Mn-doped ZnO thin films fabrica
by pulsed-laser deposition and other Mn-doped II–
semiconductors.1,15
Figure 3~a! shows the magnetic-field dependence
magnetization~M vs H! at various temperatures with field
up to 5 T. The raw data contain a large diamagnetic ba
ground due to the much thicker sapphire substrate. The
tribution from the sapphire substrate was separately m
sured and subtracted from the raw data. The results show
FIG. 1. X-ray diffraction patterns of epitaxial Zn0.93Mn0.07O thin films on
(112I 0) sapphire substrate:~a! u/2u scan showing only the~0002! and
~0004! peaks,~b! rocking curve of the~0002! peak with a FWHM of 0.98°,
and pole figure of the (101I 2) peak showing the expected sixfold symmetof
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Fig. 3~a! reveal no ferromagnetic characteristics, and the
sults can be well described by paramagnetic moments.
data have been quantitatively analyzed using the Brillo
function expressed as
M5neffgSmBB5/2F gSmBHkB~T2Q!G , ~1!
whereB5/2@x# is the Brillouin function with spinS55/2, the
Lander factorg52 as expected for Mn21, mB is the Bohr
magneton, andkB is the Boltzmann constant. The results
Fig. 3~a! can be well described by usingneff51.9
31021/cm3 and Q51.01 K. As indicated by Eq.~1!, the
M –H curves in Fig. 3~a! at different temperatures shoul
collapse into a single curve ofM vs H/(T2Q). This is in-
deed the case as shown in Fig. 3~b!, where all the data in Fig
3~a! fall onto a single curve ofM vs H/(T2Q). The solid
curve in Fig. 3~b! is the calculated results of Eq.~1! using the
same parameters as mentioned above.
The magnetic characteristics of our epitax
Zn0.93Mn0.07O films are clearly paramagnetic. The sma
value of Q51.01 K indicates that there are essentially
interactions among the Mn moments that could lead to
romagnetic ordering with a substantialTC . The value of
neff51.9310
21/cm3 obtained corresponds to an effective M
content of xeff50.047, which is slightly smaller than th
value of 0.07 as determined from composition analyses. T
discrepancy may be due to a small amount of clustering
the Mn ions.
The temperature dependence of magnetization~M vs T!
at a field of 1 kOe from 5 to 300 K is shown in Fig. 4. Th
results can be well described by the Curie–Weiss law
M
H
5
C
T2Q8
, ~2a!
C5
neff8 S~S11!g
2mB
2
3kB
, ~2b!
FIG. 2. UV–VS absorption spectra of~a! Zn0.93Mn0.07O thin film with a
blueshifted absorption edge at 3.31 eV and states in the gap and~b! undoped
ZnO thin film with a band gap of 3.25 eV.
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7878 J. Appl. Phys., Vol. 93, No. 10, Parts 2 & 3, 15 May 2003 X. M. Cheng and C. L. Chienusing the best-fit parameters ofQ851.17 K, andneff8 52.2
31021/cm3. These parameters agree well with those o
tained from theM –H data.
The magnetic properties of our epitaxial Zn0.93Mn0.07O
film show conclusively that it is paramagnetic. The sm
value ofQ shows that the Mn moments are nearly nonint
acting. Indeed, we have found no evidence of ferromagn
ordering. However, since Mn compositionx in our
Zn12xMnxO film ~0.07 from composition analyses, or 0.04
from magnetic data! is lower than 0.1 as reported in Ref. 1
the absence of ferromagnetic ordering might not be surp
ing. On the other hand, no ferromagnetic ordering has b
observed in samples withx50.36 as reported in Ref. 8
Among these few reports, there are apparent disagreem
concerning the magnetic properties of Mn-doped ZnO. T
magnetic properties of Mn-doped ZnO are expected to
strongly influenced by the carrier type~p or n! and carrier
density.10,11Satoet al.predictedp-type ~Zn–Mn!O to be fer-
romagnetic andn-type ~Zn–Mn!O to be antiferromagnetic.11
However, these characteristics of Mn-doped ZnO films
not well known experimentally at present.
FIG. 3. ~a! Field dependence of magnetization~M vs H! at 5, 10, 20, and 40
K, ~b! a plot of M vs H/(T2Q) of epitaxial Zn0.93Mn0.07O. The solid lines
are best-fit results using Brillouin function.-
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IV. CONCLUSIONS
Epitaxial~0001!-oriented Mn-doped ZnO thin films wer
fabricated on (112I 0) sapphire substrates by reactive rf ma
netron sputtering method at 400 °C. In addition to PLD a
MBE, epitaxial Mn-doped ZnO films can also be made
reactive sputtering. The doped Mn21 ions cause a shift in the
absorption edge and the development of states in the b
gap. Magnetic properties of the epitaxial Zn0.93Mn0.07O thin
films show conclusively that it is paramagnetic with no e
dence of ferromagnetic ordering.
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